The present study explores the green corrosion inhibition property of expired Lorazepam tablet on the mild steel (MS) in 3M HCl solution using gravimetric (mass loss), atomic absorption, Tafel plot, electrochemical impedance, quantum chemical, and scanning electron microscopy (SEM) studies. It is found that; expired Lorazepam tablet shows the robust corrosion inhibition property (protection efficiency = 90%) on the MS at 0.4 g/L of expired Lorazepam drug (observed from the gravimetric studies) at 333 K with a contact time of 3 h. The significant enhancement in the protection performance of the expired Lorazepam tablet has been observed by atomic absorption spectroscopy technique. The results of Tafel plots show that, the presence of the expired Lorazepam tablet of different concentration decreases the both cathodic and anodic processes at MS in the 3M HCl solution by blocking the MS active sites and behave as a mixed mode corrosion inhibitor. Electrochemical impedance studies show that, increase in the amounts of expired Lorazepam tablet increases the charge transfer process at MS-HCl interface. The electron transfer nature of the expired Lorazepam tablet on the MS surface was confirmed from the Quantum chemical studies. The adsorbed invisible layer over the surface of MS was scrutinized by scanning electron microscopy technique.
Introduction
Acid corrosion of mild steel (MS) is a major issue that affects the growing industry. The study of MS corrosion is very important due to indirect and direct losses created by this scourge. Hydrochloric acid solutions are widely used in the stimulation of oil wells, acid cleaning and elimination of localized deposits. However, many synthetic corrosion inhibitors are dangerous to the environment and humans [1] [2] [3] . So, corrosion researchers focused on the use of Eco-friendly and non toxic corrosion inhibitors. Among the various methods considered in corrosion preventing methods, corrosion inhibitors are the most cost effective and efficient method for the prevention of MS. The special elements such as N, O, P and S in the organic species prevent the MS corrosion against the HCl solution by virtue of strong adsorption process. However, the majority of organic species are environmental pollutants and expenditure in the nature. Hence, development of new corrosion inhibitors with zero environmental effect to be more desirable and important, which is called as green or eco-friendly corrosion inhibitors [4] [5] [6] [7] . Many corrosion scientists reported expired drug as environment friendly corrosion inhibitors for different metals in the various environments. Medicinal compounds gains enormous strong attention in the field of corrosion industry, because medicinal compounds can be used in the synthesis of new corrosion inhibitors. The corrosion inhibition property of the medicinal compounds is due to the presence of polar groups and their complex ability nature to the metal surface [8] [9] [10] [11] [12] . The Lorazepam (C 15 H 10 Cl 2 N 2 O 2 ) drug belongs to the benzodiazepine class. The molecular weight of the Lorazepam drug is 321.2 g/Mol. The chemical and optimized structure of Lorazepam drug shown in the Fig. 1a , b. It is used in the treatment of trouble sleeping, anxiety disorders, alcohol withdrawal, vomiting and chemotherapy-induced nausea. Lorazepam (IUPAC name: 7-chloro-5-(2-chlorophenyl)-3-hydroxy-1,3-dihydro-1,4-benzodiazepin-2-one) drug enhances the chemical in the body (GABA). After its expired date, medically it is not applicable. Hence, in the present investigation, selected expired Lorazepam drug in order to examine the their corrosion inhibition property on the MS in 3M HCl solution. The corrosion inhibition property of the expired Lorazepam drug was studied by using gravimetric, atomic absorption, Tafel plot, electrochemical impedance, quantum chemical and SEM studies.
Experimental Section

Preparation of Expired Lorazepam Drug of Different Concentrations and 3M HCl Solution
Expired Lorazepam drug (Brand name: ATIPAM tab and company: IND-SWIFT) of four different amounts, namely 0.1 g/L, 0.2 g/L, 0.3 g/L and 0.4 g/L was prepared. 3M HCl solution was prepared by using the double distilled water.
Preparation of MS Specimen
The mild steel (IS-2062) purchased from the ABCO steel international limited, Mangalore. MS specimen was cut into 1 × 1 × 0.1 cm 3 . The MS specimen was polished with different grades (150, 300, 400, 600 and 1200 microns) of emery paper, washed with double distilled water and dried. The chemical composition of mild steel is tabulated in the Table 1.
Weight Loss (Gravimetric) Studies
Gravimetric studies were performed on the MS in the 3M HCl solution. The weight of the MS was measured before and after submerging in the 100 ml of the 3M HCl solution. The MS exposed to 3M HCl solution for 3, 6, 9, 12 and 15 h immersion period at 333 K. In order to get good result, gravimetric studies were carried out for three times. The protection efficiency of the corrosion inhibitor can be calculated by following equation [13] :
where, W 1 is the MS weight loss without corrosion inhibitor and W 2 is the MS weight loss with corrosion inhibitor.
Atomic Absorption Spectroscopy
Atomic absorption spectroscopy (AAS) technique generally used for the measurement of concentration of the ions in the corrosive solution. The AAS (model G8 908/Australia) technique was used to find out the concentration of the iron content present in the mild steel (MS) in the 3M HCl solution without and with different amounts of expired Lorazepam drug
The corrosion inhibition efficiency was evaluated by following relation [14] , where, B is the amount of MS dissolved in unprotected system and A is the amount of MS dissolved in protected systems.
Tafel Plot and Electrochemical Impedance Studies
The electrochemical impedance studies were performed by using the mild steel (MS), platinum (counter electrode) and saturated calomel electrode (SCE) (reference electrode) in CHI660c workstation. Before recording the Tafel plots and Nyquist plots, the mild steel metal immersed in the 3M HCl solution with a stabilization period of 1 h in order to attain the stable open circuit potential (OCP).
The Tafel plots were studied on the MS by changing the potential from − 250 to + 250 mV at open circuit potential. The scan rate employed in the Tafel studies is 1 mvs −1 . The corrosion current density (i corr ), cathodic Tafel slope (βc), anodic Tafel slope (βa) values. The protection efficiency can be calculated from below equation [15] , where, i' corr is the MS corrosion current density (protected) and i corr is the MS corrosion current density (unprotected).
Protection efficiency of the inhibitor
The following Stern-Geary equation was used to calculate the polarization resistance (R p ) [16] , The mild steel corrosion rate (mils/year) was evaluated from the equation below [17] ;
In AC impedance spectroscopy technique, the small signal of amplitude is applied so that corrosion potential does not change. Hence, the impedance studies carried out with 10 5 -1 Hz frequency range at 0.0 1 V amplitude with a DC potential of 1600 mV at 12 points per decade [18] .
Quantum Chemical Studies
The nature of electron transfer ability of Lorazepam drug was screened by Quantum chemical studies calculated by Argus lab via PM3 method. 
Scanning Electron Microscope (SEM) Technique
Results and Discussion
Weight Loss (Gravimetric) Studies
The value of protection efficiency for different amounts of expired Lorazepam drugs on the MS in 3M HCl solution is presented in the Fig. 2 . The calculated parameters are presented in the Table 2. From the Table 2 , it is clear that, corrosion protection efficiency enhances with a rise in the expired Lorazepam drug concentration. The maximum protection efficiency achieved at 0.4 g/L of the expired Lorazepam drug. The enhancement in the protection efficiency is due to enhancement in the surface coverage by expired drug molecules. As a result, the MS corrosion rate decreases with a rise in the concentration of 0.4 g/L of the expired Lorazepam drug. A stable, green corrosion inhibitor film formed on the MS in 3M HCl solution. The protection efficiency decreases from 3 to 15 h is due to the presence of an unstable protective layer on the MS in 3M HCl solution.
Mild steel corrosion rate (mils∕year) = 0.13 × i corr × equivalent weight number of electrons × density of MS .
Increases in the time causes desorption of protective film, molecular decomposition and etching of inhibitor molecule. All these effects decrease the protection efficiency. Hence, the increase in the immersion period has a negative effect on the protection efficiency.
Atomic Absorption Spectroscopy
From the weight loss technique, it is observed that, the maximum protection efficiency obtained at 3 h immersion time. Hence, the atomic absorption spectroscopy technique was carried out at immersion period of 3 h. The protection efficiency obtained from the atomic absorption spectroscopy is shown in the Table 3 . Atomic absorption spectroscopy technique show that, the amount of dissolved MS in 3M HCl solution decreases with a rise in the amount of expired Lorazepam drug. From the Fig. 3 , the line enhances with a rise in the amounts of expired Lorazepam drug. The increase in the line with a rise in the expired Lorazepam drug shows in the enhancement in the protection efficiency. The protective layer adsorbed on the MS is like coating, which prevents the direct contact between the MS and 3M HCl solution.
Electrochemical Measurements
Potentiodynamic Polarization Studies
The Tafel curves are shown in the Fig. 4 . The different corrosion parameters (E corr ), corrosion current density (I corr ), cathodic (βc) and anodic (βa) Tafel slope values are shown in the Table 4 . Table 4 
Electrochemical Impedance Studies
AC impedance spectroscopy technique is powerful and well established technique for studying the mild steel corrosion. The electrode, kinetics, mechanistic and surface properties can be obtained from the Nyquist plots. The electrochemical impedance spectroscopy plots (Nyquist plots) are shown in the Fig. 5 . Figure 5 shows [19] . The electron rich species in the inhibitor molecules (expired Lorazepam drug) strongly adsorbed on the surface of mild steel in the hydrochloric acid environment and prevents the direct attack of corrosive ions over the surface of mild steel. Hence, the area of depressed semi-circle enhances with a rise in the concentration of the expired Lorazepam drug.
Further, to understand the corrosion inhibition behavior of expired Lorazepam drug on the mild steel surface in the 3M HCl solution, the results obtained from the weight loss studies (from 3 to 15 h) fit to Langmuir adsorption model. The Langmuir model of plot C/Ɵ vs. C in the Fig. 6 , shows the straight line with regression coefficient values were almost close to one.
This shows that, the gravimetric (weight loss) results are well fitted to the Langmuir adsorption model, which assumes that adsorbent (solid surface) posses fixed number of adsorption sites and each site holds at least one adsorbed species. The equilibrium constant of adsorption process (K ads ) was obtained from the intercept from the Langmuir adsorption plot. The free energy of adsorption ( ΔG o ads ) was calculated from the following relation; where T is the temperature, C H 2 O is the concentration of water which is equal to 1000 g/L and R is the gas constant.
The results obtained from the Langmuir adsorption model is shown in the Table 5 . 
Quantum Chemical Studies
The resulted Highest Occupied Molecular Orbital (HOMO) and LUMO (Lowest Unoccupied Moelcular Orbital) images are shown in the Fig. 8a , b. The Frontier orbital theory is employed in analyzing the adsorption centers of the expired Lorazepam drug molecules, which is responsible for the attraction with the MS surface atom. The species with utmost E HOMO value has a maximum tendency to give electrons to suitable acceptor species of low empty molecular orbital [22] . On present investigation, − E HOMO value is 6.346 is higher than − E LUMO (− 0.354) value, which clearly states that, expired Lorazepam drug molecules easily donates an electron to the MS surface in 3M HCl solution. The transfer of electrons from the expired Lorazepam drug to MS surface creates an invisible protective layer on the metal surface, which blocks the aggressive attack of HCl ions on the MS surface.
Scanning Electron Microscopy (SEM) Technique
The analysis of photographs of Fig. 9a , reveals that, the MS exhibits rough surface in the absence of expired Lorazepam drug arising from the aggressive attack by hydrochloric acid solution. Whereas, the smooth MS surface (Fig. 9b) was observed in the presence of 0.4 g/L of expired Lorazepam drug, which is due to the formation of protective layer on the MS surface. This confirms the corrosion inhibiting action of expired Lorazepam drug on the MS surface in an acidic environment. 
Comparison
The corrosion inhibition property of expired drug on the metal surface was previously supported by many authors. Authors Geethamani and Kasthuri [23] selected expired Ambroxol drug and studied their corrosion inhibition property on the mild steel surface in the 1 M HCl solution. The authors obtained maximum protection efficiency 60.52% with concentration of 9.0 (v/v %) by potentiodynamic polarization technique. Further, authors Chaudhari1 and Patel [24] studied corrosion inhibition property of the expired Sulpha drug on the mild steel in the 2M HCl solution and reported 44.37% is the maximum inhibition property of expired Sulfa drug with 500 ppm at 333 K. In the current investigation, reported different corrosion inhibition property. The maximum protection efficiency observed by Tafel plot technique is 87% with 0.4 g/L of expired Lorazepam drug. The maximum protection efficiency obtained by weight loss technique at 333 K with an immersion period of 3 h is 90% at 0.4 g/L of the expired Lorazepam drug. The protection efficiency observed in the current study is different from the literature. The differences in the molecular weight, moiety, solubility, and number of N, O, S and P atoms present in the drug moieties are the main reason for the observed deviation in the protection values. Further, Different experimental conditions may also be the reason for the observed deviation in the protection efficiency values.
Conclusions
Results of gravimetric, atomic absorption, Tafel plot and electrochemical impedance study show that, expired Lorazepam drug molecule behave as non-toxic corrosion inhibitor for MS in 3M HCl medium. Gravimetric studies show that, expired Lorazepam drug molecule behave as a non toxic MS corrosion inhibitor in 3M HCl solution with concentration and time dependent mode. At 0.4 g/L of expired Lorazepam drug, 90% corrosion inhibition property observed at 3 h immersion period. Tafel plot results show that expired Lorazepam drug behave as a mixed type (prevention of both cathodic and anodic corrosion inhibitor) corrosion inhibitor. Atomic absorption spectroscopy studies show that, the amount of dissolved MS in 3M HCl solution decreases with a rise in the concentration of expired Lorazepam drug. The maximum protection efficiency obtained from the atomic absorption spectroscopy technique is 96.490%. Electrochemical impedance studies show that, the presence of that expired Lorazepam drug enhances the charge transfer resistance process. The high value of − E HOMO compared to the − E LUMO shows that, more capable of donation of electrons to the MS surface. The adsorbed invisible layer on the surface of MS was confirmed by SEM technique.
